A concept for long term thermochemical storage based on absorption of aqueous CaCl 2 is described and evaluated during sensible charging operation. The novelty of the desiccant storage tank is that strong and diluted salt solutions as well as water are stored in one vessel. An immersed heat exchanger and manifold provide the means to charge the tank without mixing solutions of different CaCl 2 mass fraction. The ability to heat the tank via natural convection, while minimizing mass transfer between regions of different salt mass fraction, is elucidated via optical measurements of the velocity and CaCl 2 mass fraction distributions in a 1500 liter prototype tank. Over a wide range of the dimensionless parameters that govern mixing, the mass transfer between layers of differing CaCl 2 mass fraction is low, typically with Sherwood numbers less than 100, and temperature stratification is maintained. Projected time scales for long term storage exceed 100 days.
Introduction
Thermochemical storage promises several advantages over sensibly heated water for compact, longterm storage of solar thermal energy, including higher volumetric energy density and lower thermal losses. In its most simplistic form, the charge/discharge process for thermochemical storage is described by the pair of reactions [1] :
The working material, AB, is heated until A and B (typically water) are thermally dissociated; in this manner, input solar thermal energy is stored. The stored solar energy is discharged when A and B are recombined in an exothermic reaction. Thermochemical reactions store heat in molecular bonds and thermal losses are negligible compared to the enthalpy of reaction. The exothermic sorption of water onto the surface or into the volume of a host material is a thermochemical storage mechanism especially well suited to the temperatures available in nonconcentrating solar thermal systems (e.g. below 150 °C) [2] . Numerous sorption processes and materials have been investigated for thermal storage applications including physical or chemical adsorption of water vapor on zeolites [3, 4] , salt hydrates [5] and absorption using aqueous salt hydrates (liquid desiccants) [2, [6] [7] [8] [9] [10] .
The present work considers the absorption and desorption of water in aqueous calcium chloride (CaCl 2 ). The liquid desiccant has several advantages for space heating storage. It can be transported easily throughout the system and used directly as a heat transfer fluid. It is also inexpensive compared to other liquid desiccants. The solar charge (desorption) and discharge (absorption) processes for CaCl 2 are described by the pair of reactions:
In reaction (2), solar energy is stored with negligible losses to the ambient in a concentrated calcium chloride solution by desorbing water vapor in the solar collector. In reaction (3), the stored chemical energy is released by rehydrating the concentrated solution in an absorption heat pump. In addition, the stored water and CaCl 2 (aq) can be used to store sensible energy for shorter timescales. The material energy storage density (defined as stored energy per unit volume) is the sum of the sorption energy density (available for long-term storage) (4) and sensible energy density (suitable for shorter term diurnal storage) (5) Sorption energy density depends on the operating limits for mass fraction, S, (concentration) of water in the host material and on whether the system is open or closed. The energy to vaporize water must come from within the system or be supplied by an external source (e.g. the ground or a solar thermal collector). For a closed-cycle solar space heating system, the energy density is restricted to the binding energy and sensible energy. In this case, thermodynamics predicts a material energy density of 106 kWh/m 3 , which is 2.35 times the sensible energy density of water for the same system [2] . If one assumes the availability of an external heat source to evaporate water (e.g., ground with T > 10°C), the material energy storage density increases from 106 to 381 kWh/m 3 . Systems with sorption storage require specialized components to facilitate the sorption reactions and it is noted that energy density may be reduced due to the volume of system components. Here we consider the closed-cycle CaCl 2 system shown in Fig. 1 [2] . The absorption storage is charged in the summer when diluted CaCl 2 (aq) is circulated to the solar collector where it boils at 117 to 138 °C to produce concentrated CaCl 2 (aq) and water. The water is condensed in the solar collector to preheat incoming CaCl 2 (aq) or condensed in a storage tank to increase storage temperature. The concentrated CaCl 2 (aq) solution and water are stored until the winter. To discharge the stored sorption energy, water and concentrated solution are circulated to an absorption heat pump, which controls the rate of water absorption into the concentrated solution. The binding energy is converted to thermal energy and the heat of vaporization is transferred from a lower temperature water stream into the higher temperature diluted solution stream, which is then used to meet space heating and hot water loads. This system also makes use of sensible energy. When the collector temperature is below the boiling point (117 °C), such as during the spring and fall seasons, the stored solution is heated to provide sensible energy storage. When the temperature of the storage fluid exceeds the load temperature, sensible energy can be discharged directly. The advantages of the system is that it does not require a source of ambient moisture or a source of low temperature heat because the enthalpy of vaporization comes from within it operates near ambient pressure, reducing plumbing and storage tank costs as well as parasitic energy requirements to maintain a vacuum. The enthalpy of condensation produced by boiling dilute CaCl 2 solution in the solar collector can be stored as sensible energy in contrast to sorption cooling, where it is rejected from the system.
Design and operation of the storage vessel is crucial to the efficient operation and economics of the system and is the focus of the reported work. In the closed-cycle system, water, diluted, and concentrated solution are stored in a single tank where mixing of solutions must be prevented to preserve long term storage. Unintended mixing of water and concentrated solution results in the conversion of the binding energy into sensible energy, which over long time scales is lost to the surroundings. Systems that use liquid desiccants for air conditioning have avoided mixing of diluted and concentrated solution by storing each in a separate tank. Energy density is reduced and cost increased because the total volume of the tanks must exceed the solution volume. For example, in the system of Fig. 1 , if separate tanks for water, diluted, concentrated solution were used the required storage volume would be ~2 times the material volume and would decrease the total energy density from 106 to 53 kWh/m 3 , about the same as water.
A conceptual sketch of the single tank liquid desiccant tank is shown in Fig. 2 . Mixing of stored solutions is minimized by taking advantage of natural density gradients between different solutions. Density gradients form at the interfaces between regions of water, diluted and concentrated CaCl 2 . In a quiescent tank, diffusion of CaCl 2 between these regions is up to 10000 times slower than thermal conduction in water ( = 10 -9 to 10 -11 m 2 /s). However, as in a sensible water storage tank, mixing is intensified when fluid motion is present during charge and discharge of the stored energy. Mass transfer of CaCl 2 across the density interfaces depends on the relative strength of the fluid motion and the thermal buoyancy to the gravitationally stable density gradient between the fluid regions. An immersed paralleltube heat exchanger and a stratification manifold minimize mixing between regions of different CaCl 2 
Experimental facility and method
A prototype tank was built to evaluate mixing in the tank. A schematic of the apparatus and a photo of the facility and are shown in Fig. 3 . The glass prototype is rectangular (1.62 x 1.01 x 1.01 m) and insulated with 5.1 cm thick rigid polystyrene insulation. The insulation is removable to permit optical measurements of velocity and CaCl 2 mass fraction. The immersed heat exchanger consists of 128 thin-walled polypropylene tubes plumbed in parallel. It is 0.99 m wide by 1.52 m tall with a total external heat transfer area of 3.57 m 2 . The tubes are each 6.35 mm O.D. and 0.45 mm thick and the tube-to-tube spacing is 1.27 mm.
Particle Image Velocimetry (PIV) and Planar Laser Induced Fluorescence (PLIF) are used to measure velocities and CaCl 2 mass fractions over a 2-D imaging plane in the tank, as shown in Fig. 3(a) . The PIV system measures velocity by tracking the displacement of particles immersed in the tank fluid and the PLIF system measures CaCl 2 mass fraction by measuring the fluorescence of a dye that is proportional to CaCl 2 mass fraction. Transient experiments were conducted to simulate sensible charging for 8.4 10 8 < Ra < 5.5 10 10 , 0.8 < N < 18.2, and 0.2 < a < 1.08. Each experiment begins with a water (S 2,0 ) region of height h 2 on top of a denser CaCl 2 (aq) (S 1,0 ) with height h 1 . Initially there is a 1 -3 cm thick density interface between the two regions and each region is a uniform temperature (T 0 ). Sensible charging is initiated by flowing heated water through the heat exchanger. Fluid at the exit of the heat exchanger does not enter the tank. The experiments are terminated when the temperature of the fluid at the top of the tank reaches the inlet temperature (~ 5 -8 hr).
Results
All transient experiments indicate that the stable density interfaces remain stable and the natural convection flows are confined to regions of uniform CaCl 2 mass fraction. Representative data are provided for an experiment in which Ra is of order 10 9 , N is of order 4, Le = 404, and a = 0.5. Experimental parameters are listed in Table 1 . The CaCl 2 mass fraction at the center of the upper region increases throughout the experiment from 0 kg-CaCl 2 /kg-soln. to 2.54 10 -4 kg-CaCl 2 /kg-soln. (Figure 4 ). The final mass fraction is 75 times less than the mixing cup mass fraction (0.019 kg-CaCl 2 /kg-soln.), confirming the prediction of prior numerical simulations; mass transfer rates in the tank are extremely small. This change in mass fraction results in a very small net reduction of stored absorption energy (conversion of binding energy to sensible energy) of 0.24 % for a fully-charged storage. The rate of increase of CaCl 2 mass fraction at the center of the upper region is approximately constant and the mass fraction history can be well-represented by a linear curve S 2 = (8.61±0.58) 10 -9 t -(1.28±0.70) 10 -5 with an adjusted R 2 = 0.8966. Figure 5 illustrates the development of thermal stratification within the water and desiccant layers. 
Estimated storage time scale
A useful metric for long-term storage performance is the time constant associated with losses due to mass transfer. The timescale of sorption energy storage can be estimated from a 1-D species balance on a region of water separated from a CaCl 2 (aq) solution by a density interface, (6) which yields the following mixing time constant, (7) where τ ΔS , the mixing time constant, is equivalent to the time it takes the water region to reach 63% of the final mixed CaCl 2 mass fraction. Because the binding energy is a non-linear function of CaCl 2 mass fraction and temperature, we solve the analytical solution as functions of time and explicitly calculate the binding energy at every time step. The time constant is the time at which 63% of the binding energy is depleted by mixing.
We assume a fixed tank volume of 4 m 3 . The tank is charged with binding energy and split between water and CaCl 2 (aq) with S max = 0.59 kg-CaCl 2 /kg-soln. both with height h = 0.75 m. The tank is fully charged with sensible energy at T H = 95°C. We assume the sensible storage is discharged at T L = 47°C and absorption storage is discharged at S 2 = 0.35 kg-CaCl 2 /kg-soln. The ambient temperature is fixed at T amb = 20°C. Sh is varied to determine time constants based on the measured rates of mass transfer. For Sh = 35, 62, 100, the τ ΔS = 286, 160, and 88 days, respectively. These time constants obtained from experimental Sh are comparable to the maximum 140 day storage period need for space heating in a cold climate. The reported results do not consider mixing due to fluid entry to the tank; however experiments (not reported here) with a porous manifold showed good control of fluid motion.
Conclusion
The concept of a single-vessel storage tank that stores energy using both sensible and absorption mechanisms is intended for use in a solar thermal system in which sensible energy is used on short timescales while the binding energy of the absorption process is stored seasonally. Long term storage relies on the natural density difference between charged (high CaCl 2 mass fraction) and discharged calcium chloride solutions to prevent them from mixing and an immersed vertical tube heat exchanger and stratification manifold to add energy and fluid, respectively.
The reported work focused on the mass transfer loss that occurs between the stored solutions during the operation of the immersed heat exchanger. In experiments in a prototype tank over a practical range of operating conditions, large scale mixing is not present. Measured mass transfer rates are 11 < Sh < 62 for 8.4 10 8 < Ra < 85.5 10 10 and 2.2 < N < 18.2. For 35 < Sh < 62, the absorption time constants are 160 < τ ΔS < 286 days, which are longer than the maximum seasonal storage timescale in a cold climate (140 days).
